The main purpose of this article is to present analytical solutions for bending, buckling and free vibration analysis of cylindrical panel, which are composed of functionally graded materials (FGMs). Equations of motion are derived using Hamilton's principle. The first-order shear deformation theory is used for developing Navier's solutions of simply supported cylindrical panel. Comparison studies are presented to verify the validity of present solution. It is found that the presented results are close to those existing. The effect of volume fraction distributions, panel aspect ratio, and side-to-thickness ratio on the deflections, buckling loads and natural frequencies is also investigated.
INTRODUCTION
The concept of FGM was proposed in 1984 by Japanese's scientists as a new class of materials that can resist high temperature. Since then FGMs are being increasingly used in the aeronautical and aerospace industry as well as in other fields of modern technology. FGMs are microscopically inhomogeneous, that exhibit continuous variation of material properties from one surface to another and thus eliminate the stress concentration generally found in conventional laminated composites. The fact shows that having a good understanding of the structural and dynamic behavior such as the deformation characteristic, natural frequencies, critical buckling loads are extremely needed.
Actually, there are a majority of researchers who used both of three-dimensional and twodimensional theories for static and dynamic behavior analysis of cylindrical shells with different boundary conditions and materials. Evidence for this can be found in the following particular studies. First of all, in 1989, a study of bending, vibration and buckling of cross-ply circular cylindrical shells with various shell theories was given by Khdeir, Reddy, and Frederick [1] .
Next, an elasticity approach was proposed by Varadan and Bhaskar in 1991 [2] for bending analysis of laminated orthotropic cylindrical shell. Then, Soldatos and Ye [3] presented threedimensional static, dynamic, thermoelastic and buckling analysis of homogeneous and laminated composite cylinders in 1994. Some simple solutions for buckling loads of thin and moderately thick laminated composite cylindrical shells and panels were also presented by Geier and Singh in 1997 [4] . Later, in 2007, Matsunaga [5] studied vibration and buckling behaviors of cross-ply laminated composite circular cylindrical shells according to a global higher-order theory. Moreover, Zhao, Lee, and Liew [6] used the element-free kp-Ritz method to analyze the static behavior and free vibration of FGM shells subjected to mechanical or thermomechanical loading in 2009. Another study of Zhao and Liew [10] in 2010 could not be ignored here is that a meshfree method for analysis of the thermal and mechanical buckling of functionally graded cylindrical shell panels. Recently, in 2014, Shadmehri, Hoa, and Hojjati [7] investigated the effect of displacement field on bending, buckling and vibration of cross -ply circular cylindrical shells using the first-order shear deformation theory. In addition, at this time, in 2014, Su, Z., Jin, G., & Ye, T. [9] used Rayleigh-Ritz method according to the first-order shear deformation shell theory for free vibration analysis of moderately thick functionally graded open shells with general boundary conditions.
On the other hand, there have been a majority of studies including static and dynamic behavior or linear or non-linear analysis about functionally graded cylindrical panel which are subjected to thermal/mechanical loads or in combination of these loads. It takes into account some typical studies and researchers as [11 -17] .
However, most of these studies related to laminated composite materials and rare literature has been reported for FGM cylindrical shell and panel. Therefore, it is essential to formulate a suitable model which can be used for solving three problems of bending, bucking and free vibration in a combination for FG cylindrical shells.
In this paper, an analytical solutions based on the first shear deformation theory are used for analyzing bending, buckling and vibration of FG cylindrical panel. The numerical results are investigated and discussed with the other author and the different solution.
FORMULATION OF THE PROBLEM AND MATERIAL PROPERTIES
Consider a functionally graded cylindrical panel with length L, radius R, span angle φ and thickness h (Fig.1) . The elastic material properties vary through the panel thickness according to the volume fractions of the constituents. The top surface (z = h/2) of the panel is ceramic-rich, whereas the bottom surface (z = -h/2) is metal rich. The effective properties of the functionally graded material at any thickness coordinate z can be expressed following power law distribution as [6] :
where P(z) denotes the effective material properties, P m and P c represent the properties of the metal and ceramic, respectively, g(z) is the volume fraction function and p is the volume fraction exponent. The effective material properties of the cylindrical panel, including Young's modulus E, density ρ vary according to Eq. (1) and Poisson's coefficient is assumed to be constant. Figure 1 . Geometry of the cylindrical panel.
THEORETICAL FORMULATION

Kinematic relations
The displacement field is assumed according to the first-order shear deformation theory. The three displacement components u(x,θ,z), v(x,θ,z) and w(x θ,z) at any point in the cylindrical panel domain in the x, θ and z directions are expanded in Taylor's series in terms of the thickness coordinate and expressed as Reddy [8] :
where:
Stress -strain relation
The 
The elements of stiffness matrix are defined as follows:
Equations of motion
In general way, the equations of motion are derived using the the Hamilton's principle and can be written as Reddy [8] .
. 
with K s is the shear correction factor (K s = 5/6) and the inertia terms are ( )
By substituting the stresses from Eqs. (4) into Eqs. (6), the force and moment resultant can be written in terms of displacement variable namely (u, v, w, θ x , θ θ ). Now, if one substitutes these relations into Eqs. (5), the governing equations for the FG cylindrical panel are obtained in terms of displacement variables.
CLOSED-FORM SOLUTIONS FOR THE SIMPLY SUPPORTED CYLINDRICAL PANEL
Consider a simply supported cylindrical panel with axial and circumferential lengths are denoted by L and a, respectively under only compressive in-plane axial load (
) and the distributed body force acting on the mid-face in the vertical direction (q z ). Based on the Navier approach, the displacement unknowns satisfying the simply supported boundary conditions can be expressed in the following forms: 
For nontrivial solution, the determinant of the coefficient matrix in Eq. (8b) must be zero. This gives the expression for buckling load Table 1 shows a validated comparison the displacements in radial direction at the panel center obtained between the proposed method with those from Zhao et al [6] using the element -free kp-Ritz method. It could be taken into consideration that those results have a good agreement. Evidence for this can be seen that these differences is not significant (less than 0.40 %). Figures 2 and 3 show the effect of the volume fraction exponent p and radius-to-thickness ratio on dimensionless center deflection of cylindrical panel. It can be seen clearly that, as a general trend, the dimensionless deflection increases dramatically for both case of the volume fraction exponent p and radius-to-thickness ratio have increasing.
Vibration analysis
The natural frequencies of FG cylindrical panel is investigated in this section. A cylindrical FG panel with φ = 0.1 rad, thickness to length ratio h/L = 0.1 is considered. The nondimensional frequencies with various volume fraction exponent (p) and radius to length ratio (R/L) are given in Table 2 . The obtained results are compared with those given by Su, Jin, and Ye [9] using Rayleigh-Ritz method. It is seen clearly that the results are generally in very good agreement. Figure 4 and 5 describe the nondimentional frequencies ω of the simply-supported cylindrical FG panel with various volume fraction exponent (p) and radius-to-thickness (R/h) ratio. It is found that the nondimensional frequencies decrease dramatically for both case of the volume fraction exponent (p) and radius-to-thickness ratio (R/h) increasing. 
Buckling analysis
The nondimensional buckling loads cr N of FG cylindrical panel with various volume fraction exponent p are tabulated in Table 3 . The obtained results are compared with those reported by Zhao and Liew [10] using the mesh-free method. The biggest difference of result is only 2.35% for case of isotropic material (p = 0). Figures 6 and 7 depict the significant effect of the different values of the volume fraction index (p) and radius to thickness ratio (R/h) on nondimensional buckling load cr N . According to this consideration, the down trend of nondimensional buckling load is in generally common when the volume fraction index and radius to thickness ratio have an increasing. The first four buckling modes of the panel with R = 50 in. are depicted in Figure 8 which reveal that panel curvature has a significant influence on the buckling mode. 
CONCLUSION
This paper deals with the analytical solutions for bending, buckling and free vibration analysis of simply supported FG cylindrical panel. Based on the first-order shear deformation theory, the equations of motion are derived from Hamilton's principle.
A series of comparisons and parametric studies have been performed to verify the validity of the analytical solutions and to examine various parameters. Hope that the presented analytical solutions could be useful references for the future researches.
